Abstract Airborne in situ observations during the Convective Transport of Active Species in the Tropics campaign in January-February 2014 revealed a large region over the tropical western Pacific where the midtroposphere had a layered structure with a distinct chemical signature of high ozone and low water vapor (HOLW). The observed anticorrelation between ozone and water vapor is a strong indication of transport from the midlatitude upper troposphere and lower stratosphere. This work presents a diagnosis of stratospheric air in the tropical western Pacific midtroposphere through isentropic transport and mixing. Using the Chemical Lagrangian Model of the Stratosphere, we characterize and quantify the contribution of transported stratospheric air to the observed HOLW layers. The result indicates that the isentropic transport is an effective process for stratospheric air to mix into the tropical midtroposphere. Using the modeled stratospheric tracer and 3-D back trajectories, we identified that 60% of the observed HOLW air masses contain significant stratospheric influence. We have also examined possible contribution to the HOLW layer from ozone production related to biomass burning emissions. Clear chemical signature of this process is found in ∼8% of the HOLW air masses, identified by positive correlations among O 3 , HCN, and CO. This analysis provides the first quantitative diagnosis of the contribution from the stratosphere-to-troposphere transport, highlights the importance of mixing in chemical transport, and demonstrates the limitations of pure Lagrangian trajectory calculations in quantifying transport.
Introduction
Tropospheric ozone (O 3 ) plays an important role in both atmospheric chemistry and chemistry-climate interactions. As a precursor for hydroxyl, O 3 in part controls atmospheric oxidation capacity (Brasseur et al., 1999; Nicely et al., 2016; Rex et al., 2014) . As a greenhouse gas, tropospheric O 3 is one of the most important short-lived climate forcers (e.g., Monks et al., 2015; Shindell & Faluvegi, 2009; Stevenson et al., 2013; Stocker, 2014) . Tropospheric O 3 varies over a wide range of spatial and temporal scales due to variability of both anthropogenic emissions and the atmospheric circulation (Cooper et al., 2014) . Understanding the controlling mechanisms of tropospheric O 3 requires integrated studies of both observations and modeling. Tropospheric O 3 generally shows a relatively low concentration in the tropics, especially over the region of tropical oceans where deep convection is persistent (Oltmans et al., 2001; Thompson et al., 2011) . However, numerous observational studies have revealed enhanced O 3 layers in the tropical midtroposphere [see, e.g., in Gregory et al. (1999) and Thouret et al. (2001) for the NASA Pacific Exploratory Mission (PEM) experiments and Newell et al. (1999) for the Measurement of Ozone and Water Vapor by Airbus In-Service Aircraft (MOZAIC) program).
Observations from a recent field campaign CONTRAST (Convective Transport of Active Species in the Tropics), conducted from Guam (13.5 ∘ N,144.8 ∘ E) during January-February 2014, found persistent midtropospheric layers with elevated ozone mixing ratio over the tropical western Pacific (TWP; Pan et al., 2017) . According to CONTRAST measurements, the thin layers with elevated O 3 mainly occurred between 4 and 8 km (∼320-to 340-K potential temperature). The ozone mixing ratios within these layers were between ∼40 and 90 ppb, which is significantly elevated from the typical tropical tropospheric background value of ∼20 ppb. These air masses are also drier, associated with low relative humidity (RH < 45%). Using O 3 and RH criteria, the middle tropospheric O 3 observations were identified to have a bimodal distribution: the background tropospheric air containing low ozone and high water vapor (LOHW) form a primary mode, and the O 3 elevated layers form a secondary mode (Pan et al., 2015) containing high O 3 and low H 2 O (HOLW; Anderson et al., 2016) .
Using back trajectory analysis, Anderson et al. (2016) concluded that photochemically produced O 3 due to BB transported from central Africa and southeast Asia was the dominant process for the observed ozone enhancement during CONTRAST. The associated low RH was attributed to subsidence dehydration during the transport. However, there are questions as to whether BB-facilitated ozone production alone can explain the observations, considering the low production rate of ∼2 ppbv/day (Jaffe & Wigder, 2012; Kondo et al., 2002) and the lack of direct measurements for the precursors required in the chemical reaction within the transported plumes.
An additional mechanism to produce layered tropical elevated ozone layers is equatorward and downward transport of midlatitude upper tropospheric and lower stratospheric (UTLS) air. A number of studies have attributed the frequent occurrences of HOLW structures in the subtropics and extratropics to stratosphere-troposphere exchange (STE; e.g., Hayashi et al., 2008) . This transport process is considered to be the main mechanism for producing the observed extremely dry layer (dry intrusions) over the TWP during TOGA COARE in association with midlatitude air descending into the TWP (Mapes & Zuidema, 1996; Parsons et al., 1994; Yoneyama & Parsons, 1999) . Cau et al. (2007) emphasized the role of extratropical baroclinic systems, the subtropical anticyclone variability, and Rossby wave breaking (RWB) by analyzing back trajectories.
Based on observed ozone and water vapor relationships during CONTRAST and the other mentioned studies, Pan et al. (2015) suggested that large-scale transport and mixing across the subtropical jet may be a significant contributor to the observed secondary mode. Randel et al. (2016) studied the climatological behavior of dry layers (RH < 20%) using CONTRAST data and Global Forecast System (GFS) analysis data and attributed the formation of dry layers mainly to quasi-isentropic transport from the extratropical UTLS.
The goal of this study is to quantitatively estimate the stratospheric influence on observed tropical midtropospheric air during the CONTRAST campaign. Previous works relating midtropospheric O 3 enhancement to STE primarily focused on the analysis of high-PV signatures (e.g., Postel & Hitchman, 1999; Waugh & Polvani, 2000) or back trajectories (e.g., Hayashi et al., 2008; Yoneyama & Parsons, 1999) . In this work, we explore the process of mixing stratospheric air into the deep tropics beyond what can be identified by PV signatures or by pure back trajectory analysis alone. Using an idealized tracer, Pierrehumbert and Yang (1993) demonstrated the efficiency of isentropic mixing between high latitudes and the tropics. In this study, we will quantify the influence of isentropic mixing and transport from the stratosphere into the tropical midtroposphere using a Lagrangian transport model with an artificial stratospheric tracer, described in section 3. The stratospheric influence in the observed HOLW air masses is subsequently identified by combining 3-D back trajectories, initialized from the locations and times of the observations during the CONTRAST, and the CLaMS stratospheric tracer distributions. Although not the main focus of this study, we also discuss the possible transport pathway for midlatitude UT influence (section 4) and the BB signatures among the observed HOLW air masses (section 5).
Advective Histories of the Primary and Secondary Mode Based on 3-D Back Trajectories
As the first step of our analysis, we examine the advective footprints of the observed primary and secondary modes using 20-day 3-D back trajectories from the space-time locations of 60-s averaged in situ data from National Center for Atmospheric Research (NCAR) research aircraft Gulfstream V (GV). In total, 646 trajectories are initialized along the CONTRAST research flight tracks within the potential temperature range between 320 and 340 K (∼ 4-8 km) where the HOLW anticorrelations frequently occurred (Pan et al., 2015) . To focus on the TWP regional observations, three transition flights (RF01, RF02, and RF16) are excluded (for more details of the CONTRAST research flights, see Pan et al., 2017) . The calculations used the trajectory module of the Chemical Lagrangian Model of the Stratosphere (CLaMS) driven by (ECMWF) ERA-Interim horizontal winds and diabatic heating rates (Dee et al., 2011; Ploeger et al., 2010) .
Following the procedure described in Pan et al. (2015) and Anderson et al. (2016) , the observed anticorrelated H 2 O and O 3 mixing ratios are used to identify the primary (LOHW) and secondary (HOLW) mode. Thus, the air parcels with O 3 < 30 ppbv and simultaneously observed RH > 45% are defined as the primary mode (Pan et al., 2015) , while those with O 3 > 40 ppbv and RH < 20% are defined as the secondary mode. The primary mode shows a very narrow distribution of O 3 with mixing ratios 18 ± 5 ppbv. The criteria for the secondary mode in our study are the same as the criteria used in Anderson et al. (2016) defined for HOLW: O 3 > 40 ppbv and simultaneously RH < 20%. Randel et al. (2016) also used RH < 20% to define the dry layers.
Among the 646 trajectories, there are 163 and 257 trajectories representing the primary and the secondary mode, respectively. Figure 1 shows the hourly footprint of 7-day back trajectories of the air parcels in both primary and secondary modes, respectively, color coded by the air parcels' potential temperature. Note that only the last 7-day trajectories before the observations are shown in Figure 1 because the 7-day time window is enough to diagnose the different origins associated with two modes. The results show that the trajectories from the primary mode mostly trace back to the western Pacific warm pool on the eastern side of Guam where the high sea surface temperature (SST ≥ 302 K region shown by the red shading) and low outgoing long-wave radiation (OLR, not shown) were located during the CONTRAST period. Most of these primary mode air parcels ascended over the western Pacific before being observed, consistent with findings discussed in Pan et al. (2015) and Anderson et al. (2016) .
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The 1-week back trajectory footprints of the secondary mode air parcels exhibit a very different history. Most air parcels came from the far western side of Guam and were advected eastward along the equatorward flank of the subtropical jet. Toward the end of the journey, these air parcels followed the anticyclonic flow and descended into the midtropospheric TWP. The footprints indicate that the air parcels were mainly in the tropical upper troposphere and partially in the NH subtropics 7 days before the observation (the gray circles in Figure 1 ). Extended back trajectories, up to 10 days, indicate cross-equator transport over the Indian Ocean as well as long-distance transport from the west across the tropical Atlantic Ocean (not shown).
Overall, our trajectory study demonstrates the distinct transport pathways for the primary and the secondary modes, supporting the hypothesis of Pan et al. (2015) on the TWP convective-controlled primary mode and the nonlocal large-scale transport-controlled secondary mode. The Lagrangian foot prints show that transport is largely within the tropics and associated with the descending branch of the Hadley cell, consistent with the result discussed in Anderson et al. (2016) .
Although the pure trajectory approach is a convenient and widely used tool for diagnosing the (advective) history of air, this approach completely neglects the mixing process between air parcels transported along the trajectory and surrounding ambient air. This error increases significantly with the increasing length of the trajectory, especially near the subtropical jet where RWB may dominate the flow (Postel & Hitchman, 1999; Waugh & Polvani, 2000) and where bifurcation points can be found (i.e., trajectories launched in the vicinity of such point behave nonlinearly in the sense that a small change of their initial positions causes a sudden qualitative change in their long-term behavior; Bowman et al., 2007; Scott & Cammas, 2002) .
Model Simulations and Analyses of Transport
To include mixing into trajectory studies either diffusive reconstruction (Legras et al., 2005; Stohl et al., 2005) or flow deformation-driven mixing can be used. In this study we use Chemical Lagrangian Model of the Stratosphere (CLaMS) where mixing is parameterized based on flow deformation (CLaMS mixing parameterization is discussed in section 3, and for more details, see McKenna et al., 2002 and Konopka et al., 2004) . A number of STE studies using the CLaMS model have demonstrated that the observed mixing layer between the stratosphere and the troposphere is well represented in the model (Vogel et al., 2011) and that this layer itself is mainly formed by (isentropic) eddy mixing on synoptic-to-seasonal time scales (Konopka & Pan, 2012; Pan et al., 2006) . Following the approach described in Konopka and Pan (2012) , we use a combination of the 2-D CLaMS isentropic simulation (CLaMS-2D) and 3-D trajectory analyses to investigate the contribution of isentropic transport processes (i.e., advection plus mixing), which may explain stratospheric contributions to the observed high ozone in the TWP. In the next section, we show the dominant role of such isentropic transport by comparing CLaMS-2D both with a full 3-D Chemistry Climate model (CCM) run as well as with the observations.
CLaMS Model Simulation of Isentropic Mixing
To quantitatively estimate the contribution of STE to the tropical troposphere via isentropic mixing, an isentropic run of CLaMS (CLaMS-2D) is performed. Hereby, simulations of an idealized stratospheric tracer (T str ) were performed using 10 quasi-isentropic layers defined by the hybrid coordinate ( ) with following the dry potential temperature between 300 and 390 K (every 10 K) roughly above p r = 700 hPa (for more details see Appendix A). The mean horizontal distance between the initialization points of the Lagrangian air parcels is approximately 100 km. Trajectories driven by ERA-Interim wind along isentropic layers determine the position of air parcels. Deformations due to the wind shear are quantified by the Lyapunov exponent . After each 6-hr trajectory, CLaMS allows the air parcels to mix on each isentropic surface where the deformations are sufficiently strong, that is, the Lyapunov exponent is larger than a critical value c (choice of c for run in 6-hr time step, see Vogel et al., 2011) The mixing of parcels results in a change of their chemical composition. (for more details, see McKenna et al., 2002 and Pan, 2012) .
The CLaMS run covers the period from October 2013 to December 2014. At the beginning of the simulations, the stratospheric tracer T str is initiated to a constant value of 1 in the stratosphere and to 0 in the troposphere using the 3 PVU isopleth as the mean dynamical tropopause (Kunz et al., 2011) . To mimic tropospheric ozonem which has an averaged tropospheric lifetime of about 23 days (Stevenson et al., 2006; Young et al., 2013) , T str undergoes exponential decay with a 20-day lifetime ( = 20 days) everywhere in the troposphere. After 3 months of the simulation, the zonal mean distribution of T str reaches a quasi-steady state. In Appendix B, we
The Community Atmospheric Model with chemistry, version 4 (CAM-chem) is a part of the Community Earth System Model version 1 (CESM1), a coupled CCM from the surface to the upper stratosphere . In this study, a specified dynamics version of CAM-chem is used, where the (external) meteorological fields come from the NASA Global Modeling and Assimilation Office (GMAO) Goddard Earth Observing System Model, Version 5 (GEOS5; Rienecker et al., 2008) . Here temperature, zonal and meridional winds, and surface pressure are nudged with a 5-hr relaxation time constant to drive the physical parameterization that control boundary layer exchanges, advective and convective transport, and the hydrological cycle. In this work, CAM-chem contains 56 vertical levels from the surface to 1.86 hPa. The vertical coordinate is purely isobaric above 100 mb, but is hybrid below that level. The vertical resolution is variable: ∼1.6 km near the stratopause, ∼1.2 km in the lower stratosphere, and ∼1.1 km in the troposphere (except near the ground where much higher vertical resolution is used in the planetary boundary layer). The horizontal resolution is 0.95 ∘ × 1.25 ∘ (latitude × longitude). The model includes a comprehensive chemistry scheme to simulate the evolution of trace gases and aerosols in the troposphere and the stratosphere Kinnison et al., 2007; Lamarque et al., 2012; Ordóñez et al., 2012; Saiz-Lopez et al., 2014) . This version of CAM-chem was used during CONTRAST (Pan et al., 2017) , and the model setup is consistent with the Chemistry Climate Model Initiative (CCMI) REF-C1SD experiment (Tilmes et al., 2016) .
In this study, we use the mixing ratio of the stratosphericO 3 tracer (O 3 S) from the CAM-chem simulation, which is designed to represent the amount of O 3 photochemically produced in the stratosphere, transported and destroyed in the troposphere. This tracer has been used in a series of model studies (e.g., Emmons et al., 2003; Roelofs & Lelieveld, 1997; Wang et al., 1998) . The CAM-chem O 3 S field is produced by setting O 3 S = O 3 above the lapse rate based tropopause. Below the tropopause, the ozone loss processes for the full chemistry solution is applied to the O 3 S tracer. O 3 S is also dry deposited on the surface in the same manner as the solution O 3 .
Conceptually, both O 3 S and T str quantify the stratospheric influence in the troposphere. On the other hand, O 3 S from CAM-chem represents the stratospheric ozone from full transport processes with a comprehensive chemical evolution, whereas T str is a process diagnostic tracer representing only isentropic processes with a simplified exponential decaying. Thus, when comparing the O 3 S and T str fields with the two model simulations, we do not expect the two fields to have identical structure. Instead, we expect two fields to show a large degree of similarity if the CLaMS-2D isentropic simulation represents the dominant transport process for significant amount of stratospheric O 3 in the tropical midtroposphere.
The CLaMS T str and CAM-chem O 3 S distributions on the 320-K isentrope and the vertical cross section along the 137.5 ∘ E for three selected days are shown in Figures 2 and 3 , respectively. This sequence of days provides an example for mixing of midlatitude LS air into the tropics, a process frequently observed during the CONTRAST period and clearly represented by both model runs. In Figure 2 , equatorward RWB results in the southwestward transport of stratospheric air toward the tropics shown on 24 January. In the following two days, the high values of T str moved eastward with the westerlies and arrived in Guam on 26 January. The values of both T str and O 3 S are largely diluted in the deep tropics, but filaments of air with T str ≥ 15% and O 3 S≥ 10 ppbv are widely spread over the TWP from both models. These largely diluted but still pronounced stratospheric influences represented by T str are a result of irreversible isentropic mixing, which cannot be reproduced through the back trajectories discussed in the previous section. In Figure 2 , we show filamentary structures with enhanced T str values up to 60% in the tropics. Most of these filamentary structures are also captured by O 3 S from CAM-chem but are not as pronounced as in CLaMS. This difference in part reflects the difference in the two models' gridding methods. The CLaMS is an adaptive grid model, where an explicit flow deformation-driven mixing parameterization is used to control the numerical diffusivity. This method allows CLaMS to represent the strong inhomogeneity of mixing and preserves the filamentary structure created by stirring and stretching (Konopka et al., 2004; McKenna et al., 2002; Pan et al., 2006) . On the other hand, CAM-chem, like in all regular-grid Eulerian models, contains intrinsic diffusivity which reduces the tracer gradients within small structures like filaments (Hoppe et al., 2014; Khosrawi et al., 2005) . Additionally, the lack of explicit convective transport in CLaMS-2D will likely result in an underrepresentation of strong sink of O 3 over the oceanic lower boundary. Consequently, T str from CLaMS-2D tends to overestimate the stratospheric influence over the region controlled by oceanic convection.
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Note that the wind fields and the isentrope structures from the CLaMS-2D and CAM-chem runs are not identical, as shown in Figures 2 and 3. These differences reflect the differences between the two dynamical fields, GEOS5 and ERA-Interim. We do not expect these differences to influence the general behavior of the RWB-driven transport process that we aim to characterize. To demonstrate this, we have included a 10-day animation as supporting information S1, which shows that the 10-day space-time evolution of the two tracers are highly consistent, despite the differences in wind field details.
Despite the differences in details, the qualitative agreement between the CLaMS T str and CAM-chem O 3 S supports our argument that the isentropic transport process represented by CLaMS-2D is the dominant process for bringing stratospheric influence to the tropics. Specifically, the vertical cross sections (Figure 3) show that both stratospheric tracers are largely confined to the 310-to 330-K range, a layer beneath the jet core. This behavior is consistent with previous studies that identified the contribution of midlatitude UTLS air to dry intrusions (Cau et al., 2005; Randel et al., 2016; Yoneyama & Parsons, 1999) and to high ozone in the tropical troposphere (Hayashi et al., 2008; Pan et al., 2017) . It is also seen in Figure 3 that T str from CLaMS shows weaker stratospheric influence in the layer = 330-340 K compared to CAM-chem. This difference could relate to the weak penetration of T str across the jet core compared to O 3 S from CAM-chem. The mixing across the jet core in the atmosphere is associated with all types of jet stream instabilities typically driven by the flow deformations and vertical temperature gradients. These processes are represented, at least to some extent, by the CLaMS mixing parameterization driven by the large-scale ERA-interim meteorology but can be overestimated by the ubiquitous numerical diffusivity of the Eulerian models.
Finally, Figure 4 compares the simulated T str (red, right panels) with the observed O 3 (black, left panels) for the research flights RF06 and RF07 (see the flight tracks of RF06 and RF07 shown as the thick gray lines in Figure 2 ). Note that this comparison is qualitative and aims to identify whether the modeled T str is consistent with the observed O 3 elevated layer. In both cases, elevated T str are found to colocate with the observed O 3 enhancement. In the case of RF07, the modeled and observed layers are well colocated in the vertical structure. In the case of RF06, the observed O 3 enhancement has a broad layer in the 3-to 9-km altitude layer, but the modeled T str is approximately half of the vertical range between (∼3-6 km, top panel of Figure 4 ). The 3-D trajectory calculations performed for this flight (RF06) show that the secondary mode air masses observed in the layer between 6 and 9 km trace back to the upper troposphere near the subtropical jet, where O 3 has typical mixing ratio of 60 ppbv or greater. This missing representation in the upper part of the elevated O 3 structure reflects the possibility that air masses from the midlatitude upper troposphere also contribute to the observed ozone enhancement via diabatic process.
The similar behavior between the T str from CLaMS-2D and O 3 S from the CAM-chem model as well as between T str and the observed ozone enhancement in the layers = 310-330 K, supports our contention that T str represents the stratospheric influence well on the tropical ozone in the 310-to 330-K layers. The consistency between the CLaMS T str , CAM-chem O 3 S and the observed O 3 supports the significant role of isentropic transport from the LS into the tropical troposphere. The contribution of this process to the formation of the observed HOLW air masses is further analyzed in the next section. On the other hand, the insufficient representation by T str for observed O 3 enhancements in the higher layers ( = 330-350 K) suggests that diabatic processes and the midlatitude UT contributes to these layers.
Stratospheric Contributions to the HOLW Observations Via Isentropic Mixing
The CLaMS model result discussed in the previous section demonstrated pervasive stratospheric influence in the tropical troposphere through isentropic mixing. As an irreversible part of the adiabatic transport process, this mixing process is not represented in the trajectory calculations as shown in section 2. This finding suggests that, although the Lagrangian footprints of the secondary mode air masses are largely equatorward of the subtropical jet with no direct indication of STE histories, their transport pathways may have encountered mixed air masses containing a pronounced stratospheric fraction. Therefore, it is necessary to reexamine the 3-D back trajectories of secondary mode air masses through evaluating the significance of stratospheric influence along these trajectories.
As a process study, the goal of the following diagnosis is not to quantify how much stratospheric O 3 is in the secondary mode layer but rather to quantify how often the stratospheric influence made a significant contribution to the observed secondary mode layer through 3-D advection in conjunction with isentropic mixing. Therefore, results shown in Figures 2-4 justify T str as a diagnostic quantity of STE via isentropic process. In the following section 4.1, we are going to determine a threshold of T str , which quantifies the significance of stratospheric influence.
Threshold for Significance of Stratospheric Contributions
To diagnose the stratospheric contribution to observed HOLW layer, we need an estimate of a threshold value of T str , above which the stratospheric influence will add enough ozone for the air mass to be classified as the HOLW mode. This threshold value is derived combining the O 3 information from CAM-chem simulation and some approximations of the transport pathways, which are described below.
As a simple approximation, tropical midtroposphere air can be considered as a mixture of mass fractions from the convective oceanic air (F conv ) and from the midlatitude UTLS. The midlatitude UTLS fractions can be further divided into fractions of the midlatitude upper troposphere (F UT ) and the midlatitude lower stratosphere (F LS ), 10.1029 that is,
(1)
Because this study is designed to focus on the stratospheric contribution, the T str threshold value of interest is under the condition of F UT = 0, that is, those HOLW air masses formed by only adding stratospheric in-mixing to the background air mass of convective origin. The choice of F UT = 0 here, therefore, does not imply the UT influence to be unimportant or negligible. As we show later, the result of this simplification in effect is to separate the HOLW air masses formed from stratospheric in-mixing from those likely formed from midlatitude UT influence.
Given F UT = 0, equation (1) reduces to
In this case, the O 3 mixing ratio in the tropical midtroposphere (O 3tmt ) has the following relation:
Note that the O 3 ′ mixing ratios on the right side of this equation are not the O 3 mixing ratios in their original regions but the O 3 mixing ratios from their origins (corresponding to the subscripts) after a degree of chemical evolution associated with the transport time from their origins to the observation location (tropical midtroposphere). Now we include the chemical evolution of O 3 from its origin region to the observation location as a chemical evolution rate (R). In the atmosphere, R is a complex result of transport time and O 3 chemical loss rate associated with specific background conditions, for example, UV radiation and NO x background. For the transport process from the midlatitude lower stratosphere, the chemical evolution rates refer to R LS , that is, 
Besides O 3 conv ′ ∼20 ppbv, other quantities in equation (5) can also be obtained from observations and the model. The O 3 LS can be estimated by O 3 averaged along the 3 PVU isopleth within the isentrope 320-340 K from the CAM-chem model (see section 3.2), which has typical values ∼150-250 ppbv. Consistent with the design of T str in the CLaMS simulation, the chemical evolution rate R LS can be simplified as the 20-day exponential decay; that is,
where = 20 days and t is the decay time for an individual air mass. With the decay time (t) varying from 1 day to 7 days for representative transport times, which will be used in the later diagnostic study, the corresponding R LS can be estimated within a range from 0.95 to 0.7.
Using these approximations of R, O 3 TP , and O 3 conv , the range of T str to form the lower limit O 3tmt = 40 ppbv can be derived: T str ∼10% to 17%. The range of T str corresponding to O 3tmt = 70 ppbv is T str ∼25% to 35%. This is an estimation of T str for creating the elevated O 3 layer from a conceptual point of view, which neglects the complicated interaction between mixing and chemistry. In reality, one observed air mass contains the fractions with a spectrum of transport times. In the following study, we use T str ≥15% as a reasonable estimate for the significance of the stratospheric contribution.
Further supportive information was shown in section 3.2 that the 40 ppbv total O 3 from CAM-chem (shown as the gray isoline in Figures 2 and 3 ) agrees well with T str ≥ 15% (the lightest blue color). This fact further supports that T str ≥ 15% is an appropriate threshold to form the lower limit of secondary mode ozone from the perspective of the models.
Connecting Significant Stratospheric Contributions to the HOLW Observations
Based on the threshold of significant stratospheric influence, we can diagnose how often the observed secondary mode air masses experienced significant stratospheric influence. The 3-D back trajectories are used to connect the modeled stratospheric tracer to observations. The stratospheric tracer T str from the isentropic simulation is interpolated along the trajectories every 6 hr. When T str along a trajectory is found to be larger than 15%, the air mass is considered to have experienced significant stratospheric influence. Otherwise, the stratospheric influence on the air parcel is considered to be insignificant.
In total, 35% of the secondary mode observations are found to have a significant stratospheric influence during 1-day back trajectories. Counting up to 7-day back trajectories, the percentage increases to 60%. However, the stratospheric influence barely increases for longer than 7-day back trajectories: additional 10% (total of 70%) are found using the 15-day back trajectories. Considering the relatively short lifetime of stratospheric ozone once arriving in the tropics, only encounters which occurred within 7 days before the observations are counted for our analysis (fresh in-mixing).
Figure 5 depicts the locations along the back trajectories where significant stratospheric influences are encountered, that is, 6-hourly T str values larger than 15% along the trajectories (color-coded circles). It can be seen that the stratospheric influences are encountered for a wide latitudinal and longitudinal range, from near the equator to the core of the subtropical jet. In the vertical cross section, the significant influence is mostly below the level of the jet core (320-340 K). The background flow experienced by the air parcels is also displayed in Figure 5 : the end points of 7-day back trajectories are shown as small gray dots in the top panel and the probability distribution function (PDF) of the hourly footprints for the 20-day back trajectories are shown as the gray shades in the bottom panel. The dominant circulation pattern is consistent with the descending transport near the subtropical jet (see the arrows in the bottom panel), where most of the encounters with stratospheric influence air occur. Note that the values of the stratospheric tracer in Figure 5 is mostly between 15% and 30% while only a few trajectories show a higher stratospheric influence (∼60%).
This diagnosis enables us to categorize the secondary mode air masses into two groups, G1 and G2, according to whether their back trajectories encountered significant stratospheric influences within 1 week before being observed. Among the 257 secondary mode trajectories (as shown in Figure 1 ), 60% (153 trajectories) experienced a significant stratospheric influence (G1) and the remaining 40% (104 trajectories) did not (G2). The plane view and the meridional cross section of trajectory histories for the two groups are shown in Figures 6 and 7 together with the derived background large-scale flow patterns. Note that the lengths of back trajectories used in Figures 6 and 7 are different. Figure 6 shows the trajectory histories 7 days before the observations. Figure 7 shows the probability distribution of the hourly footprint based on 20-day back trajectories, which completes a longer advective transport history of the air parcels.
The plane view (Figure 6 ) highlights the differences between G1 and G2 in their potential temperature histories. While the G1 parcel trajectory footprints within 7 days are largely below 340 K (in yellow and green), the G2 footprints are mostly above 340 K (in orange and red). Moreover, G1 parcels typically followed along the subtropical jet, in most cases for 5 days or longer, whereas G2 parcels typically followed southerly flow to travel toward the jet from the equatorial region in the last 7 days before descending anticyclonically into the TWP.
In the meridional plane (Figure 7) , the PDFs of the hourly footprints of 20-day back trajectories and the average wind fields calculated for the two groups of trajectories also highlight the different flow patterns that the two groups experienced. The G1 footprints are found to be more concentrated near the subtropics, around or below the jet core, which is approximately 345 K in potential temperature. Furthermore, the average background wind shows equatorward flow around the jet core for G1, consistent with the cross-jet mixing of stratospheric air. The G2 distribution, on the other hand, is highly consistent with the tropical Hadley circulation of the season, which is dominated by the cross-equator flow in the 10-to 12-km altitudes following the ascending branch of the Hadley cell centered south of the equator.
These two different footprint distributions are consistent with the stratospheric influence identification, which indicates that the G1 group, as a jet-following group, is more likely influenced by in-mixing across the lower flank of jet, and the G2 group, as a Hadley circulation following group, has experienced overturning near the equator flank of the jet before descending isentropically into the deep tropics. This process is expected to bring higher O 3 from midlatitude UT into the deep tropics (e.g., Folkins et al., 1999; Harris & Oltmans, 1997) .
Chemical Tracer Signatures
Analyses in previous sections focused on the transport pathways experienced by the air masses in the secondary mode and the contribution by stratospheric O 3 via mixing. In this section, we examine the chemical signatures from observations and aim to identify the contribution of photochemical production of O 3 associated with BB among a number of measured chemical species we examined. HCN and CO are identified as the most effective tracers for this purpose (e.g., Palmer et al., 2013; Singh et al., 2003) . Elevated CO or HCN mixing ratios over background levels are widely used to identify the BB plumes, for example, the CO mixing ratios are higher than its background +20 ppb (Alvarado et al., 2010) or CO and HCN mixing ratios are higher than its 99th percentile (mean ±3 ; Palmer et al., 2013) . The anticorrelations between stratospheric and tropospheric tracers (in particular, O 3 against CO) were observed by in situ measurements mainly at the midlatitudes, which were widely used to identify mixing between the stratospheric and tropospheric air (e.g., Fischer et al., 2000; Hoor et al., 2002) . The positive correlations among O 3 , HCN, and CO in air masses influenced by BB are well-established chemical signatures, although the specific relationship between these species is dependent upon a number of factors including fire emission ratios at the source, subsequent chemical and photochemical reactions, and local and downwind meteorological patterns Hornbrook et al., 2011; Jaffe & Wigder, 2012; Singh et al., 2010) .
We first examine the distributions of HCN and CO using 60-s averaged observations between = 320 K and 340 K. The HCN mixing ratios is 200 ppt with a standard deviation ( ) of 91 ppt, and for CO the mean mixing ratio with a standard deviation is 85 ± 11.5 ppbv. Their distributions, shown in Figure 8 , are given in three groups, which are as follows:
(1) the primary mode as identified by O 3 and H 2 O, (2) G1 from mixing and Lagrangian analysis, that is, secondary mode air masses that are significantly influenced by stratospheric mixing, and (3) G2, that is, secondary mode air masses that are found not to have significant stratospheric influences.
HCN distributions show distinct features for each of the three groups. The primary mode distribution (gray bars) has low HCN (∼50-200 pptv), consistent with exposure to the ocean surface, since HCN is known to have an ocean sink (Singh et al., 2003) . This group shows a broad CO distribution (∼60-105 ppbv), consistent with the broad spectrum of measurements, including the influence of cleaner oceanic and polluted boundary layers in the region. Distributions of both HCN and CO in G1 (red bars) are approximately Gaussian, with moderate HCN primarily between 200 and 350 pptv, and CO (∼80-95 ppbv), overlapped with the primary mode distributions. These HCN and CO mixing ratios are consistent with mixed and aged midlatitude upper tropospheric air. Note that the gradient of HCN between the midlatitudes and tropics is larger than that of CO. Thus, the CO mixing ratio distribution of G1 overlaps with the primary mode, while the HCN distribution of G1 shows a higher range of mixing ratios than the primary mode.
For the distributions of G2, both CO and HCN exhibit a bimodal structure with a mode overlap with the primary mode distribution and a mode of elevated CO and HCN clearly separated from the primary mode and higher values than in the G1 group. From these distributions, we identify a group of outliers with CO mixing ratios greater than 105 ppbv, which is in excess of 2 with respect to the mean value. Most of these outliers are seen from G2 with only one 60-s sample observation from G1. Similarly, the high end from HCN distribution (∼320 ppt) is mostly from the G2. The correlation between high HCN and CO air masses is examined in the following analyses. Figure 9 shows scatterplots of HCN against CO and O 3 against CO for all 60-s samples in the secondary mode, color coded to identify G1 and G2 (G1 in red and G2 in blue, same as in Figure 8 ). In both G1 and G2, there is no clear correlation between HCN-CO and O 3 -CO in the observations when CO is lower than 105 ppb (red and blue circles). Positive correlations are only present in the samples when CO is greater than 105 ppbv, identified by the triangles. These observations also correspond to elevated HCN (>320 ppt) and elevated O 3 (>60 ppb). We further analyze the chemical signatures in these observations using 10-s averaged data, shown as gray crosses in Figure 9 .
About 80% of these high CO air parcels are found to be from the two research flights, RF10 (8 February) and RF11 (10 February). A linear fit for data from each of the two flights identifies strong positive correlations for both HCN-CO and O 3 -CO (see blue and yellow lines in Figure 9 ). It has been reported that RF10 targeted a pollution plume, referred to as a CO river and sampled the highest mixing ratio of CO during the entire campaign (130 ppbv; Pan et al., 2017) . The slope of the linear relationship ΔHCN/ΔCO (pptv/ppbv) is 7.4, and ΔO 3 /ΔCO (ppbv/ppbv) is 0.9 for RF10. These slopes are 8.4 and 1.2 for RF11.
Note that a positive quasi-linear correlation between HCN and CO as a signature of BB in the free troposphere has been observed in numerous studies of BB plumes (e.g., Alvarado et al., 2010; Apel et al., 2015; Singh et al., 2003 Singh et al., , 2010 . The enhancement ratios ΔHCN/ΔCO of BB plumes varies from 5 to 9 pptv/ppbv Singh et al., 2010) . The ΔHCN/ΔCO ratios are consistent with the previous studies (e.g., Apel et al., 2015; Singh et al., 2010) . The ΔO 3 /ΔCO ratios are found to increase with the travel time from the fire to the observation locations (Jaffe & Wigder, 2012) . Previous observations reported ΔO 3 /ΔCO from 0.2 to 0.9 ppbv/ppbv for BB plumes in tropics older than 5 days (reviewed by Jaffe & Wigder, 2012) . According to our trajectory study, the secondary mode air mass are mostly older than 5-10 days. The resulting ΔO 3 /ΔCO ratios from RF10 and RF11 are consistent with longer travel times compared to these previous results.
These air masses with well-identified BB chemical signatures, given by positive HCN-CO and O 3 -CO correlations, represent a small segment (∼8%) of the secondary mode observations. They are mostly found in G2 (blue triangles), with only one exception (in 60-s data) from G1(red triangle). These observations are also identified in the analysis of Anderson et al. (2016) , where BB is considered as the dominant source of the secondary mode.
Conclusions and Discussions
Motivated by the bimodal distribution of ozone in the midtroposphere (HOLW versus LOHW) observed during the CONTRAST campaign (Pan et al., 2015) , we use a Lagrangian model study to diagnose the key processes that control the observed HOLW layer. This study uses a Lagrangian isentropic transport model (CLaMS-2D) and an idealized stratospheric tracer to simulate the stratospheric contribution to the tropical tropospheric ozone via isentropic transport. A 3-D Lagrangian back trajectory analysis is performed to connect the observations to stratospherically influenced air. A chemistry climate model simulation from CAM-chem, using a specified dynamics mode, is utilized to help and support the Lagrangian model diagnosis.
Qualitatively, both the CLaMS and CAM-chem show that transport from the stratosphere has a significant contribution to the chemical composition in the tropical midtroposphere. The consistency between the CLaMS stratospheric tracer and the CAM-chem stratospheric O 3 tracer supports our argument that the isentropic transport is the dominant transport process between the lower stratosphere and tropical midtroposphere in the layers below the jet.
Quantitatively, we found that 60% of the observed HOLW air masses (designated as G1) contain significant stratospheric influence, while the remaining 40% (designated as G2) do not. Examination of the averaged background winds reveals that these two groups of air parcels experienced distinctly different flow patterns. The pattern for G1 parcels can be characterized as jet-following with equatorward flow below the jet core. The pattern for G2 parcels can be characterized as dominated by the cross-equator or southerly flow, followed by overturning near the equator flank of the jet, and subsequently descent into tropics. This pattern is consistent with the tropical Hadley circulation. These G2 air masses, therefore, likely contribute to the HOLW layer by bringing the midlatitude UT air during its overturning near the equator side of the jet (e.g., Folkins et al., 1999; Harris & Oltmans, 1997) .
In addition to these diagnoses of transport pathways, we have also examined the chemical signature of the BB emission-facilitated ozone production, which is identified by the positive correlations among O 3 , HCN, and CO. We found that approximately 8% of the observed HOLW air parcels show clear evidence of BB-facilitated O 3 production. The BB signatures are mostly identified in G2 parcels, that is, the group dominated by the Hadley circulation history. Since the BB-facilitated O 3 production and transport from the midlatitude UTLS are not a mutually exclusive process, the air masses with BB influence are likely to have photochemically enhanced ozone in addition to elevated ozone from the mixing with the UTLS air. This conclusion is consistent with the result in Figure 9 where the air parcels with identified BB signature have highest ozone.
Our results reveal that three key transport processes control the tropical midtropospheric O 3 (see conceptual diagram in Figure 10 ). First, convective transport of air from the oceanic boundary layer (the blue region in Figure 10 ) is the primary contributor to the LOHW air masses. Second, isentropic transport and mixing (the red curved arrows) efficiently brings lower stratospheric air to the tropical midtroposphere, which significantly contributes to the HOLW air masses. Third, the Hadley circulation (orange arrow) brings the upper tropospheric air to the tropical midtroposphere, which likely also contributes to the HOLW air masses.
We made two main approximations in the diagnostic study. The first approximation is represented by equation (1), where we simplified the air masses in tropical midtroposphere as coming from three boxes (oceanic, UT, and LS), followed by identifying the fraction of HOLW observations that contains significant stratospheric contribution (by choosing the condition of no UT contribution). Our result shows that this approximation successfully separated the LS-influenced observations from those influenced by the UT. The second approximation is to design the idealized model stratospheric tracer to have a 20-day tropospheric lifetime. By doing so, we simplify the complex O 3 chemical evolution to a constant exponential decay. This approximation likely leads to an underestimate of stratospheric contributions in the extratropics, where the O 3 lifetime is significantly longer than 20 days. Based on our further comparison (more details in Appendix B), we show that this decaying tracer is representative of the stratospheric contributions to the tropical midtroposphere.
Finally, the result of this study demonstrated the significance of representing mixing, a subgrid-scale process in modeling transport using a Lagrangian framework. Our analysis highlighted the limitation of Lagrangian back trajectory calculations, which represent only the advective transport driven by the explicit grid point winds. As demonstrated in this study, using trajectory calculation without consideration of modeling mixing may miss key physical processes that are necessary for reaching the correct interpretation of the observations.
Appendix A: Quasi-Isentropic Coordinate
An important disadvantage of potential temperature as the vertical coordinate is the fact that surfaces with = const-in particular those in the troposphere-may cross the Earth's surface. This is mainly due to latitudinal differences in the heat budget but also due to the effect of orography. To resolve transport processes in the troposphere influenced by such effects and transport processes in the stratosphere where adiabatic horizontal transport dominates, the hybrid -coordinate can be used (Mahowald et al., 2002) .
More precisely, is a hybrid -coordinate with denoting the terrain-following coordinate = p∕p s (p pressure, p s surface pressure). Following Mahowald et al. (2002) , is defined as follows:
Here p 0 denotes the constant reference pressure level typically set to 1,000 hPa; p r defines the pressure level around which the potential temperature smoothly transforms into the terrain-following coordinate .
For p r Mahowald et al. (2002) used the value 300 hPa; that is, r = 0.3. For situations with no orography (e.g., see surface with p s = p 0 = 1,000 hPa) this means that the condition = p∕p s < r is valid everywhere above 300 hPa. Consequently, in this region the vertical coordinate is given by the dry potential temperature . Conversely, below 300 hPa, smoothly transforms into . For situations with orography (e.g., at the summit of Mount Everest with p s ≈ 300 hPa), the condition = p∕p s < r is first valid everywhere above ≈100 hPa. Thus, above the orography the transition level above which = is valid shifts to higher altitudes and is given through (p r p s )∕p 0 .
Note that all p r values between 0 and 1,000 hPa are possible with the consequence that higher p r values extend the applicability of as a vertical coordinate down to the lower troposphere. The relation among the pressure, and for two different choices of p r (300 hPa, left panel; 700 hPa, right panel) is shown in Figure A1 . In the orography-free region above 600 hPa, we find that follows the surfaces by using p r = 700 hPa (left panel), whereas with p r = 300 hPa (right panel), this property is valid first above ∼250 hPa. The -coordinate for both choices of p r transforms to terrain-following surfaces when encountering the orography. We use p r = 700 hPa as the reference pressure in the study, because this coordinate allows the quasi-isentropic transport within the region of our concern ( between 320 and 340 K), and it avoids an unrealistic isentropic transport when the isentropes cross the orography. of this tracer, followed by a discussion of the possible influence of this simplification on our quantification of stratospheric contributions. Figure B1 shows an example of the lifetime distribution of O 3 based on the CAM-chem model, which indicates that the tropospheric lifetime of O 3 has a wide range from 400 days near the tropopause to 5 days in the deep tropics. O 3 is a long-lived tracer in midlatitude UTLS region, where O 3 has a representative lifetime ∼100-200 days. The lifetime of O 3 is typically as short as 5-25 days in the deep tropics over the oceanic lower boundary, as shown in Figure B1 . Therefore, the simplification of 20-day lifetime is a compromise of the large variation of the O 3 lifetime. And consequently, we cannot avoid the fact that decaying of T str is too fast in the midlatitude, which possibly leads to an underestimation of the stratospheric contribution in the midlatitude and subtropics from our diagnosis. Meanwhile, we may also overestimate the stratospheric contribution over the oceanic convection-controlled region. Figure B2 shows the cross section along 145 ∘ E of stratospheric tracer T str with exponential decay of 10-, 20-, and 30-day lifetimes as well as the corresponding O 3 S from the CAM-chem simulation. We first clarify some disagreements between the two models shown in this example. Note that no T str above 15% is seen below 300 K isentrope in midlatitude from the CLaMS-2D run, which is mainly due to the lack of large-scale descending in CLaMS-2D. And we can also see all three tracers from CLaMS-2D underestimate the high values around 330 K between 30 ∘ and 30 ∘ N shown from CAM-chem simulation in the top left panel. This is related to the use of a constant lifetime in CLaMS artificial tracers, while the O 3 lifetime varies from 100 to 10 days for this region, as shown in the top panel of Figure B1 . This approximation leads to underestimation of stratospheric influence where the O 3 lifetime is longer than the simulation setup. However, the aim of this work is not the accuracy of reproducing stratospheric O 3 mixing ratio but to diagnose the significance of the stratospheric contribution to the midtropospheric tropics. For this purpose, what we need is an artificial tracer that is capable of demonstrating the significance of stratospheric O 3 when it arrives at the midtropospheric tropics.
In section 4.1, we have clarified that the threshold (T str ≥ 15%) is used to identify the significance of stratospheric contribution to the elevated O 3 layer in the midtroposphere. From the cross section of CAM-chem results (top panel in Figure B2 ), total O 3 mixing ratio ∼40 ppbv (the dark gray contour in the top panel),the lower limit of secondary mode, contains ∼20 ppbv stratospheric O 3 (O 3 S) mixing ratio, which can be seen as a significant stratospheric contribution in this specific case. Thus, the tracer lifetime that we need should provide a similar distribution of T str ∼ 15%, compared to the distribution of O 3 S mixing ratio around 20 ppbv from the CAM-chem simulation. It is seen that the artificial tracer with a 20-day lifetime shows the best comparison with this quantity from the CAM-chem simulation. The 10-day tracer decreases too quickly from subtropics to tropics compared with CAM-chem. On the other hand, the 30-day tracer seems also comparable to CAM-chem O 3 S in midtropospheric subtropics, but tracer values above 15% are observed around 10 ∘ N, 
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which is inconsistent with the O 3 S ∼ 20 ppb from the CAM-chem result. The 30-day tracer throughout the whole simulation period shows better comparison with CAM-chem especially in the outer tropics and subtropics, which confirms that the O 3 lifetime in this region is mostly longer than 20 days. The 20-day tracer is a conservative choice in the study as to mimic the general O 3 loss rates in order to avoid overestimation of stratospheric significant influence in the deep tropics, especially the region controlled by oceanic convection.
